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Live Attenuated Herpes Simplex Virus 2 Glycoprotein E Deletion
Mutant as a Vaccine Candidate Defective in Neuronal Spread
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A herpes simplex virus 2 (HSV-2) glycoprotein E deletion mutant (gE2-del virus) was evaluated as a replication-competent, at-
tenuated live virus vaccine candidate. The gE2-del virus is defective in epithelial cell-to-axon spread and in anterograde trans-
port from the neuron cell body to the axon terminus. In BALB/c and SCID mice, the gE2-del virus caused no death or disease
after vaginal, intravascular, or intramuscular inoculation and was 5 orders of magnitude less virulent than wild-type virus when
inoculated directly into the brain. No infectious gE2-del virus was recovered from dorsal root ganglia (DRG) after multiple
routes of inoculation; however, gE2-del DNA was detected by PCR in lumbosacral DRG at a low copy number in some mice. Im-
portantly, no recurrent vaginal shedding of gE2-del DNA was detected in immunized guinea pigs. Intramuscular immunization
outperformed subcutaneous immunization in all parameters evaluated, although individual differences were not significant, and
two intramuscular immunizations were more protective than one. Immunized animals had reduced vaginal disease, vaginal ti-
ters, DRG infection, recurrent genital lesions, and recurrent vaginal shedding of HSV-2 DNA; however, protection was incom-
plete. A combined modality immunization using live virus and HSV-2 glycoprotein C and D subunit antigens in guinea pigs did
not totally eliminate recurrent lesions or recurrent vaginal shedding of HSV-2 DNA. The gE2-del virus used as an immunothera-
peutic vaccine in previously HSV-2-infected guinea pigs greatly reduced the frequency of recurrent genital lesions. Therefore, the
gE2-del virus is safe, other than when injected at high titer into the brain, and is efficacious as a prophylactic and immunothera-

peutic vaccine.

H erpes simplex virus 1 and 2 (HSV-1 and HSV-2) cause com-
mon infections worldwide (33, 47). HSV-1 typically causes
vesicles and ulcers on the vermillion border of the lip, and HSV-2
causes genital ulcers. HSV-1 and HSV-2 transmission occurs by
contact with infected individuals, with HSV-1 acquisition typi-
cally beginning in childhood and HSV-2 acquisition occurring at
the onset of sexual activity.

HSV-1 and HSV-2 have similar infection cycles, replicating
initially in epithelial cells and spreading to sensory neurons of the
peripheral nervous system. After the virus enters axons, it travels
retrograde to the neuron cell body, where latency is established,
followed by periodic reactivation. During recurrences, HSV trav-
els along neurons in the anterograde direction to the dermatome
innervated by the infected ganglion. Replication within the epi-
thelium results in either asymptomatic virus shedding or lesions.
Initial episodes of genital ulcer disease are as likely to be caused by
HSV-1 as HSV-2; however, recurrences are considerably more
common after HSV-2 infection (15, 23, 43). Serious sequelae of
genital ulcer disease include infection of neonates during labor
and delivery and a 3-fold increased risk of acquiring HIV-1 infec-
tion (1012, 44).

A vaccine to prevent HSV-2 is a high public health priority. Pre-
clinical studies include vaccines comprised of DNA, glycoproteins,
attenuated live viruses, or combinations of these compounds (1, 4,
6-8, 18-22, 27-29, 31, 42). Placebo-controlled human trials have
been performed using HSV-2 subunit glycoprotein vaccines, includ-
ing HSV-2 glycoprotein D (gD2) given with alum and 2-O-deacyl-
ated-monophosphoryl lipid A (MPL) adjuvant and HSV-2 glycopro-
tein B (gB2) combined with gD2 administered with MF59 adjuvant
(5, 14, 36). The gD2 and gB2 vaccine trial showed no protection
against HSV-2 infection beyond the first 5 months after immuniza-
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tion (14). The first gD2-MPL/alum vaccine was effective at prevent-
ing genital lesions in HSV-1- and HSV-2-seronegative women but
not in HSV-1-seropositive women or men (36). A follow-up trial to
confirm the findings in seronegative women failed to show significant
protection against HSV-2; however, the vaccine was effective at pre-
venting HSV-1 genital disease (5). New vaccine approaches are war-
ranted to improve upon these results.

Attenuated live virus vaccines have been highly effective for
prevention of measles, mumps, rubella, polio, influenza, and
chickenpox. The success of the varicella-zoster vaccine has re-
newed interest in live virus vaccines for prevention of HSV-2, a
related alphaherpesvirus. Attenuated live virus vaccine candidates
in preclinical testing for HSV-2 include HSV-2 d15-29, the HSV-2
ICPO deletion mutant 0ANLS, and the ICP0 deletion mutant CJ2-
gD2, which was modified to express gD2 and a dominant-negative
form of the gene carrying the origin of viral DNA replication (1,
18-22). In addition, a replication-competent live virus vaccine
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strain that is defective in immune evasion has entered phase 1
human trials (Immunovex; Biovex Inc.).

We previously reported for mouse models that an HSV-1 gE
deletion virus, NS-gEnull, is safe and effective as a replication-
competent, attenuated live virus vaccine that is defective in neu-
ronal spread (9). An HSV-2 gE deletion strain, gE2-del virus, is
also replication competent and defective in neuronal spread (46).
Studies reported here indicate that the gE2-del virus is safe when
administered intramuscularly (i.m.), intravaginally (IVAG), by
flank scarification, or intravenously (i.v.). The vaccine candidate
greatly reduces HSV-2 genital disease in mice and guinea pigs as a
prophylactic vaccine and, importantly, reduces the frequency of
recurrent genital lesions in guinea pigs when administered as a
therapeutic vaccine.

MATERIALS AND METHODS

Cells and virus. Vero cells (African green monkey kidney epithelial cells)
were propagated in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10 mM HEPES (pH 7.3), 2 mM L-glutamine, 20 ug/ml
gentamicin, and 5% heat-inactivated fetal bovine serum (FBS). HSV-2
strain 2.12 was isolated from a woman with genital ulcer disease and used
at passage 8 to derive a gE2-del virus that has a green fluorescent protein
(GFP2) cassette under the control of a cytomegalovirus (CMV) promoter
replacing gE2 amino acids 124 to 495 (46). Virus stocks for immunization
and challenge studies were prepared in Vero cells, using both cells and
supernatant fluids that were subjected to freezing at —80°C, thawing, and
sonication. Virus titers were determined by plaque assay on Vero cell
monolayers.

Safety of gE2-del vaccine in mice. Laboratory animals were managed
according to the guidelines of the Institutional Animal Care and Use
Committee of the University of Pennsylvania. Five- to 6-week-old female
BALB/c (NCI) and SCID (strain CB17/lcr-Prkdc®/lerCrl; Charles River
Inc.) mice were allowed to acclimate to the animal facility for 1 week prior
to handling. Mice were assessed following i.m. inoculation of the gastroc-
nemius (calf) muscle of a hind leg, i.v. injection of the tail vein, or IVAG
inoculation. The 50% lethal dose (LD5,) was calculated by the method of
Reed and Muench (32). Five days prior to IVAG infection, mice received
a subcutaneous (s.c.) injection of 2 mg of medroxyprogesterone (Sicor
Pharmaceuticals, Inc.) in 0.9% NaCl and 10 mM HEPES (9). The LD,
after intracerebral (i.c.) inoculation was evaluated in 20-day-old female
BALB/c mice injected in the frontal cerebral cortex by use of a 27-guage
needle and tuberculin syringe containing 5 ul of virus (17). Disease signs
included impaired mobility, hunched posture, and ruffled fur. Flank in-
oculations were performed by skin scarification (30). Dorsal root ganglia
(DRG) were harvested for determination of virus titers and HSV-2 DNA
copy numbers 4 days after infection, a time chosen based on prior studies
that indicated that peak titers develop at 3 to 5 days postinfection (2, 3, 9).
DRG samples were minced with small scissors and pulverized with a pestle
(3, 9). After i.m. inoculation, spinal cords were harvested in addition to
DRG. The limit of detection of the virus culture assay was 2 PFU per
sample.

Real-time qPCR. DRG and spinal cord samples were homogenized
and assessed by real-time quantitative PCR (qPCR) using primers and
probes for HSV-2 Us9 DNA and the mouse adipsin gene as previously
described (4). For some assays, gE2 DNA or GFP DNA was amplified to
detect sequences unique to wild-type or gE2-del virus, respectively. Prim-
ers for gE2 DNA were as follows: forward, 5'-CGTCTGGATGCGGTTT
GAC-3’; and reverse, 5'-CTGGAAGCTGCGGGTGATAC-3'. The re-
porter dye plus probe for gE2 was 6-carboxyfluorescein (FAM)-5'-
ATGCGGATCTACGAAGC-3'-MGBNFQ. Primers for GFP were as
follows: forward, 5'-AGCAAAGACCCCAACGAGAA-3';and reverse, 5'-
GGCGGCGGTCACGAA-3'. The reporter dye plus probe for GFP was
FAM-5"-ATCACATGGTCCTGCTGG-3"-MGBNFQ. Standard curves to
determine Us9 and gE2 DNA copy numbers were run in triplicate, using
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50,000, 5,000, 500, 50, and 5 copies of wild-type HSV-2 DNA (Advanced
Biotechnologies). The same HSV-2 DNA preparation was used to gener-
ate the standard curves to calculate the copy numbers of Us9 and gE2
DNAs; therefore, similar DNA copy numbers are expected using these
primers. The gE2-del virus DNA was used to generate a standard curve to
quantify GFP copy number. DRG and vaginal swab samples that did not
yield a positive signal in duplicate wells by 40 cycles were considered
negative. DRG samples were considered negative if they contained <1
copy of HSV-2 DNA per 10* adipsin genes. Vaginal swab samples were
considered negative if they contained <1.5 copies of HSV-2 DNA per
assay (10 ul was amplified per assay; therefore, the cutoff for a negative
sample was =150 copies/ml) (4).

Mouse immunizations and wild-type virus IVAG challenge. Immu-
nization studies were performed in 6- to 8-week-old female BALB/c mice
at the time of first immunization (9). Mice were immunized i.m. twice at
3-week intervals with gE2-del virus or were mock immunized with Vero
cell lysate. Prior to IVAG virus challenge, mice received an s.c. injection
with 2 mg of medroxyprogesterone (Sicor Pharmaceuticals, Inc.) approx-
imately 23 days after the last immunization and 5 days before infection
(9). On the day of infection, the vaginal vaults were swabbed with phos-
phate-buffered saline (PBS)-moistened cotton swabs and 5 ul of HSV-2
MS containing 5 X 10* PFU (~10* LD5,) was introduced into the vaginal
vault by use of a gel-loading pipette tip (9). A dry polyester swab was used
to collect vaginal secretions on the indicated days postinfection, and titers
were determined by plaque assay on Vero cells. The severity of vaginal
disease was scored on a scale of 0 to 4 by assigning one point each for
erythema, exudate, hair loss, and necrosis (4). Blood was collected using
Goldenrod animal lancets (MEDIpoint, Inc.) by the submandibular
route.

Explant cocultures of murine DRG for recovery of latent HSV-2. At
least 28 days after infection, the DRG were removed, minced with scissors,
placed on Vero cells for 20 days, and observed for cytopathic effect as a
marker of virus reactivation (4, 9).

Guinea pig immunizations and wild-type virus IVAG challenge. Im-
munizations for prevention vaccine studies were performed in female
Hartley strain guinea pigs weighing ~225 g at the time of first immuniza-
tion. Animals were immunized in the hind leg gastrocnemius muscle
twice at 3-week intervals with gE2-del virus or were mock immunized
with Vero cell lysate. Some guinea pigs were immunized with both gE2-
del virus and gC2 and gD2 subunit antigens (4). Guinea pigs were inocu-
lated with the gE2-del virus on days 0 and 21 and inoculated i.m. in the
other hind leg gastrocnemius muscle on days 7 and 28, using 10 ug of the
gC2 antigen bac-gC-2(426t) and 5 g of the gD2 antigen bac-gD-2(306t),
each mixed with 100 ug of CpG oligonucleotide (Tri-Link Inc.) and 20 pg
alum (Alhydragel; Accurate Chemical and Scientific Corp.) per ug pro-
tein in 50 pl saline (4, 13, 39, 40). Mock immunizations were performed
using CpG and alum alone.

Guinea pigs were challenged intravaginally with HSV-2 MSat 5 X 10°
PFU (>500 LD,,) in 50 ul DMEM by use of a soft catheter (4, 24, 35).
Vaginal swabs were obtained for titers and were stored at —80°C until
used for plaque assay. Animals were scored for disease severity on a scale
of 0 to 4 by assigning 1 point for erythema, 2 points for discrete lesions, 3
points for coalesced lesions, and 4 points for ulcerative lesions (4, 24).
Animals were monitored for recurrent lesions from days 15 to 60 postin-
fection, and vaginal swabs were obtained from days 28 to 48 to assess
recurrent vaginal shedding of HSV-2 DNA.

gE2-del virus as an immunotherapeutic. Thirty guinea pigs were in-
fected IVAG with HSV-2 MS at 1 X 10* PFU. Thirteen of 30 guinea pigs
died during the acute infection. The 17 surviving animals were divided
into two comparable groups based on the severity of the acute vaginal
disease. One group was assigned to receive the mock vaccine (PBS) and
the other to receive 5 X 10° PFU gE2-del virus. Two i.m. immunizations
were given at 51 and 81 days postinfection, and animals were scored for
recurrent lesions for 7 weeks, starting 8 days after the first immunization.
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TABLE 1 LD, of gE2-del and parental virus strains in mice

LDs, (PFU)

Intramuscular Intravenous Intravaginal Intracerebral
Virus BALB/c SCID BALB/c SCID BALB/c SCID BALB/c
gF2-del >5 X 10° >5 X 10° >5 X 10° >5 X 10° >5 X 107" >5 X 10° 1.3 X 10°
HSV-22.12 1.6 X 10* 5% 10" 1X10* <5 X 10° 3.4 % 10" <5 % 10 <5 X 10°
Difference in LD5, between viruses >3 X 10? >10? >5 X 107 >10° >10* >10° >3 X 10°

“ A titer of 5 X 10° PFU was the highest titer tested after intravaginal infection in BALB/c mice.
b The result shown represents 35 SCID mice infected with HSV-2 2.12 over the range of 5 X 10" to 5 X 10° PFU, including 10 mice each at 5 X 10%> and 5 X 10* PFU.

ELISA and neutralization assays. Enzyme-linked immunosorbent
assay (ELISA) antibody responses were measured using bac-gC-
2(426t) and bac-gD-2(306t) as antigens and serum at a starting dilu-
tion of 1:100 (4). Neutralizing antibody assays were performed by
heating mouse or guinea pig serum for 30 min at 56°C to inactivate
complement and incubating serial 2-fold dilutions of serum starting at
a 1:20 dilution with 300 PFU of HSV-2 strain MS. Vero cells were
overlaid with medium containing 0.6% low-melting-point agarose,
and plaques were counted at 72 h (4).

Statistics. P values were calculated using GraphPad Prism software.
Survival results were evaluated using the log rank (Mantel-Cox) test.
Analysis of variance (ANOVA) with Tukey’s adjustment was used for
statistical analysis when more than two groups were compared. The
Mann-Whitney test for nonparametric data was used when comparing
two groups. Fisher’s exact test was used to evaluate the days of vaginal
shedding of HSV-2 DNA and the effects of gE2-del virus immunization in
reducing recurrent genital lesions.

RESULTS

Safety of gE2-del virus. The i.m., i.v., and IVAG infections with
HSV-2 2.12 (wild-type virus) or gE2-del virus were performed in
BALB/c and SCID mice, while i.c. infections were performed in
BALB/c mice only. The LDs, of gE2-del virus was determined
using two or three serial 10-fold dilutions starting with 5 X 10°
PFU, except that 5 X 10° PFU was the highest dose used for IVAG
infection in BALB/c mice. Five mice were evaluated at each dose,
except that 10 mice were inoculated i.c. with gE2-del virus at 5 X
10° PFU. The LDs,, of HSV-2 2.12 was determined using three or
more serial 10-fold dilutions ranging from 5 X 10°to 5 X 10° PFU.
Five mice were included in each group, except that 10 SCID mice
were inoculated i.m. with HSV-22.12 at 5 X 10° and 5 X 10* PFU.

BALB/cand SCID mice injected with HSV-22.12 died at one or
more concentrations when inoculated by each route (Table 1). In
contrast, no mouse inoculated with gE2-del virus died or showed
signs of disease, even at 5 X 10° PFU, with the exception of mice
infected i.c. The LD, of gE2-del virus exceeded the LD, of wild-
type virus by at least 100 PFU by the i.m. route, by 500 PFU by the
i.v. route, and by 10,000 PFU by the IVAG route. The LDs, of
HSV-2 2.12 given i.c. was <5 PFU, while the gE2-del virus was
fatal at 1.3 X 10° PFU, which is >300,000 PFU higher than the
LDs, of HSV-2 2.12. None of 10 mice inoculated i.c. with unin-
fected Vero cell extracts died, indicating that death following i.c.
infection cannot be attributed to the inoculation procedure per se.
Thus, the gE2-del virus is highly attenuated for virulence com-
pared with the parental strain.

Virus titers and HSV-2 DNA copy numbers in DRG and spi-
nal cords. An important safety consideration for a live virus vac-
cine is to assess whether the candidate vaccine reaches the DRG,
which is the site of latency. No infectious virus was recovered from
lumbosacral DRG 4 days after i.m., flank, or IVAG inoculation of
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BALB/c mice with 5 X 10° PFU of gE2-del virus. Motor neurons
that innervate the gastrocnemius muscle originate in the spinal
cord; therefore, spinal cord tissue was harvested to assess whether
gE2-del virus reached the spinal cord by retrograde spread from
muscle at the inoculation site (48). No infectious virus was iso-
lated. In contrast, infectious virus was recovered from lumbosa-
cral DRG and spinal cords after inoculation with 100- to 100,000-
fold lower titers of wild-type virus, including after i.m. infection
with 5 X 10° PFU of wild-type virus, flank infection with 5 X 10%
PFU of wild-type virus, and IVAG infection with 5 PFU of wild-
type virus (Fig. 1A).

DRG samples were analyzed for HSV-2 DNA by qPCR. Ap-
proximately 4 to 5 log,, copies of Us9 HSV-2 DNA were detected
in DRG isolated from mice infected with wild-type virus (Fig. 1B).
Collectively, no HSV-2 Us9 DNA was detected in 10 of 15 DRG
samples obtained after i.m., IVAG, and flank infections with gE2-
del virus or in 2 of 5 spinal cord samples after i.m. infection with
gE2-del virus (Fig. 1B).

The low copy number of gE2-del virus DNA detected in some
DRG and spinal cord samples could represent false-positive re-
sults based on contamination of specimens during the harvesting
of tissues or processing of samples. To help distinguish between
true- and false-positive results, DRG and spinal cord DNAs were
amplified using gE2 primers and probes. The gE2 DNA is present
in wild-type virus but not in gE2-del virus; therefore, detecting gE
DNA in gE2-del virus samples suggests specimen contamination.

Twenty DRG and spinal cord samples harvested from mice
infected with wild-type virus or gE2-del virus were assessed for
gE2 DNA. The 20 samples from mice infected with wild-type virus
yielded results that were almost identical using the Us9 and gE2
primers and probes (see wild-type HSV-2 in Fig. 1B and C), sug-
gesting comparable sensitivities of the Us9 and gE2 primers and
probes. The 20 samples from mice infected with gE2-del virus also
yielded similar results using the Us9 and gE2 primers and probes
(see gE2-del virus in Fig. 1B and C). Six samples from mice in-
fected with gE2-del virus, which does not contain gE2 DNA, had a
positive signal, with two of the samples yielding 16 and 23 copies
of gE2 DNA (Fig. 1C). Therefore, these samples represent false-
positive results and establish the specificity of the gE2 qPCRs as
>23 copies of HSV-2 DNA. Based on this cutoff, all of the wild-
type virus samples were truly positive, and specimen contamina-
tion likely accounts for the low-level positive gE2-del virus sam-
ples in Fig. 1C.

The 20 DRG and spinal cord samples from mice infected with
wild-type or gE2-del virus were also evaluated for GFP DNA (Fig.
1D). Wild-type virus does not contain the GFP DNA sequence;
therefore, amplification of GFP DNA from mice infected with
wild-type virus represents a false-positive result. Seventeen of 20
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FIG 1 DRG and spinal cord HSV-2 titers and DNA copy numbers after i.m., flank, and vaginal infections with HSV-2 2.12 or gE2-del virus. Mice were inoculated
i.m. with 5 X 10° PFU, by flank scarification with 5 X 10* PFU, or by IVAG infection with 5 PFU of HSV-2 2.12. The gE2-del virus was inoculated at 5 X 10° PFU
by each route. On day 4 postinfection, lumbosacral DRG were harvested. Spinal cords were also collected from mice inoculated by the i.m. route. (A) Viral titers
in DRG and spinal cords (# = 3 to 5 animals per group). (B) HSV-2 Us9 DNA copy numbers. (C) HSV-2 gE DNA copy numbers. (D) HSV-2 GFP DNA copy
numbers. Results shown in panels B to D are for different mice from those used for panel A. For panels B to D, the same samples were evaluated using Us9, gE2,
and GFP primers and probes. Symbols used are intended to link the results for the various primers so that individual mice can be compared in panels B to D. The
dotted lines in panels C and D represent the cutoff values for considering a sample positive, which are >23 copies of gE2 DNA and >8 copies of GFP DNA. Results

represent geometric mean titers * standard errors of the means (SEM).

samples from mice infected with wild-type virus were negative,
while 3 samples had low-level positive readings of 2, 3, and 8
copies of GFP DNA (Fig. 1D). Therefore, the specificity of the GFP
probe for a true-positive result was set at >8 copies of HSV-2
DNA. Six of 20 samples from mice infected with gE2-del virus had
positive PCR results for GFP DNA (Fig. 1D). Based on >8 copies
as the cutoff for a true-positive result, three DRG samples were
above this cutoff after i.m. inoculation with gE2-del virus, with
copy numbers of 9, 41, and 42, suggesting that these samples may
be true-positive samples.

Explant cocultures of DRG are useful to assess whether HSV-2
has infected DRG and established latency (41). Lumbosacral DRG
were harvested 35 days after i.m., flank, or IVAG infection with
5 X 10° PFU of gE2-del virus (3 animals per group). No virus was
isolated from these nine samples. In contrast, as discussed below,
9 of 10 explant cocultures yielded virus when performed 28 days
after IVAG challenge with wild-type virus of i.m. or s.c. immu-
nized mice, indicating that the explant coculture assay is sen-
sitive for detecting latent infection. Therefore, we failed to iso-
late gE2-del virus from DRG during the acute (day 4) or latent
(day 35) stage of infection but did detect GFP DNA above the
cutoff value in three samples after i.m. infection with gE2-del
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virus. Since qPCR is the most sensitive of the assays used, the
conservative interpretation of the results is that small quanti-
ties of gE2-del DNA may have reached the DRG after i.m. in-
oculation.

Comparison of gE2-del virus immunization by i.m. and s.c.
routes. Mice were mock immunized or immunized once by the
i.m. or s.c. route with 5 X 10° gE2-del virus. Twenty-eight days
later, mice were challenged IVAG with 250 PFU (~50 LDs,) of
HSV-2 MS. Mice immunized by the i.m. route all survived, in
contrast with 60% (3 of 5 mice) survival of mice immunized s.c.
and no (0 of 5 mice) survival of mock-immunized mice (P < 0.05
for comparing i.m. with mock infection; the P value was not sig-
nificant for comparing i.m. and s.c. or s.c. and mock infections)
(Fig. 2A). All mock-immunized mice developed severe disease,
and some s.c. immunized mice developed disease; however, no
mouse vaccinated i.m. developed disease at this challenge dose
(P < 0.05 for comparing i.m. with mock infection; the P value was
not significant for comparing i.m. and s.c. or s.c. and mock infec-
tions) (Fig. 2B). Vaginal HSV-2 swab titers were reduced follow-
ing s.c. or i.m. immunization compared with mock immuniza-
tion, with the lowest titers in the i.m. immunization group (the P
value was not significant for comparing i.m. and s.c. infections,
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P < 0.001 for comparing i.m. and mock infections, and P < 0.05
for comparing s.c. and mock infections) (Fig. 2C). Explant cocul-
tures were performed on sacral DRG at 28 days postinfection.
Virus was recovered from 4 of 5 i.m. immunized mice and 5 of 5
s.c. immunized mice. The i.m. route outperformed the s.c. route
for each parameter evaluated, although none of the differences
between i.m. and s.c. immunization were statistically significant.
However, one immunization was not sufficient to prevent the
challenge virus from reaching the DRG and establishing latency as
assessed by explant cocultures.

Comparison of one and two i.m. immunizations with gE2-
del virus. Mice were mock immunized or immunized with 5 X
10° PFU gE2-del virus i.m. once or twice, separated by 3 weeks.
Twenty-eight days after the last immunization, mice were chal-
lenged IVAG with 5 X 10* PFU of HSV-2 MS (~10* LDs,),
which is 200-fold more virus than that used for the experiments
in Fig. 2. All mice immunized with gE2-del virus survived,
while no mock-immunized mouse survived (P < 0.01 for com-
paring one or two immunizations with mock immunization)
(Fig. 3A). One immunization with gE2-del virus did not com-
pletely protect mice from disease, while mice that received two
immunizations were totally protected (P < 0.001 for compar-
ing one or two immunizations with mock immunization; the P
value was not significant for comparing one with two immuni-
zations) (Fig. 3B). Vaginal titers were lowest in mice that re-
ceived two immunizations (P < 0.01 for comparing two im-
munizations with mock immunization, P < 0.05 for
comparing one immunization with mock immunization, and
the P value was not significant for comparing one with two
immunizations) (Fig. 3C). Representative photographs from
each group taken at 7 days postinfection are shown (Fig. 3D).
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Antibody responses to gE2-del virus are dose dependent.
ELISA and neutralizing antibodies were measured to further as-
sess the effects of two immunizations. Mice were immunized twice
im. with 5 X 10%, 5 X 10* or 5 X 10° PFU gE2-del virus, with
immunizations given 3 weeks apart. Serum was obtained 3 weeks
after the first and second immunizations. ELISA titers to gC2 and
gD2 (Fig. 4A and B) and neutralizing antibody titers (Fig. 4C)
were higher in mice immunized twice than in those immunized
once and higher in mice immunized with 5 X 10> PFU gE2-del
virus than in those immunized with lower doses. Comparisons
between one and two immunizations were significant for gD2
ELISA at 5 X 10°> PFU (P < 0.001), and neutralizing antibody
titers were significantly different at 5 X 10° PFU (P < 0.002).
Based on the protection experiments shown in Fig. 3 and the an-
tibody responses in Fig. 4, two i.m. immunizations were used in
subsequent studies.

Protection against wild-type virus challenge in mice is de-
pendent on the immunizing dose of gE2-del virus. Mice were
mock immunized or immunized twice i.m. with either 5 X 10°,
5 X 10% or 5 X 10° PFU of gE2-del virus and were challenged 28
days later by IVAG inoculation of 5 X 10* PFU HSV-2 MS (~10*
LDs,). No mock-immunized mice survived, while 4 of 5 (80%)
mice immunized with 5 X 10° PFU gE2-del virus survived and all
mice immunized with 5 X 10% or 5 X 10° PFU survived (P < 0.001
for comparing all 3 gE2-del virus doses with mock immunization;
the Pvalue was not significant for comparing 5 X 10° PFU gE2-del
with 5 X 10* or 5 X 10°> PFU gE2del) (Fig. 5A). Protection against
vaginal disease after wild-type virus infection correlated with the
immunization dose used, with the best protection at the highest
dose and the poorest protection at the lowest dose (P < 0.05 for
comparing mock immunization with immunization with 5 X 10*
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PFU gE2-del, P < 0.01 for comparing mock immunization with
5 X 10° PFU gE2-del, and the P value was not significant for all
other comparisons) (Fig. 5B). DRG were harvested 4 days after
infection with wild-type virus. Approximately 4 log,, virus was
recovered from the DRG of mock-immunized mice, compared
with 1 log,, from gE2-del virus-immunized mice (P < 0.01) (Fig.
5C). The same DRG were evaluated for HSV-2 Us9 DNA by
qPCR. Approximately 5 log,, HSV-2 Us9 DNA copies were de-
tected in DRG of mock-immunized mice, compared with 2 log,,
copies in DRG of mice immunized with gE2-del virus (P < 0.01)
(Fig. 5D, left graph). In an effort to distinguish wild-type virus
DNA from gE2-del virus DNA, the samples were examined for
gE2 and GFP DNAs. All samples were positive for gE2 DNA, in-
dicating infection by wild-type virus (P < 0.01 for comparing
mock with gE2-del immunization) (Fig. 5D, middle graph). One
sample from a gE2-del virus-immunized mouse was also positive
for GFP DNA, suggesting that both wild-type (challenge) and
gE2-del virus (immunogen) DNAs were present in the DRG (P <
0.05 for comparing gE2-del with mock immunization) (Fig. 5D,
right graph). These findings indicate significant protection of
DRG by gE2-del virus immunization and support the results
shown in Fig. 1 suggesting that some gE2-del virus DNA can be
detected in DRG.

gE2-del virus protects guinea pigs against HSV-2 vaginal in-
fection. The guinea pig vaginal infection model differs from the
murine model in that guinea pigs undergo spontaneous recurrent
HSV-2lesions and recurrent vaginal shedding of HSV-2 DNA that
mimic the disease in humans (4, 35, 45). Guinea pigs were mock
immunized or immunized i.m. twice at 3-week intervals with 5 X
10° PFU gE2-del virus. Guinea pigs were challenged IVAG 28 days
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later with 5 X 10° PFU HSV-2 MS (=500 LDs,). Guinea pigs
vaccinated with gE2-del virus all survived, while mock-vaccinated
animals all died or were euthanized (P < 0.001) (Fig. 6A). Mock-
immunized guinea pigs had severe vaginal disease, while animals
immunized with gE2-del virus had very mild disease (P < 0.001).
Five of 10 guinea pigs in the gE2-del virus group had no disease.
Guinea pigs immunized with gE2-del virus had vaginal HSV-2
titers that were lower than those of the mock-immunized animals
(P < 0.05) (Fig. 6C). After recovering from acute infection, guinea
pigs were monitored for recurrent lesions from 15 to 60 days
postinfection. None of the mock-immunized animals survived
long enough to be evaluated for recurrences. One of 10 guinea pigs
immunized with gE2-del virus had a recurrent genital lesion that
lasted 2 days. Vaginal shedding of HSV-2 Us9 DNA was evaluated
from days 28 to 47 (20 days) postinfection in gE2-del virus-im-
munized animals (Fig. 6D). Five animals had no vaginal shedding,
while 5 had occasional episodes. The vaginal shedding results are
summarized in the table in Fig. 6D and indicate that animals shed
HSV-2 Us9 DNA on 6.5% of days. The positive samples were
amplified using GFP primers and probes to determine if the gE2-
del virus caused recurrent vaginal shedding. None of the samples
were positive for GFP DNA.

Dual-modality immunization with live virus and subunit
glycoprotein antigens. The DRG were not totally protected in
gE2-del virus-immunized mice after IVAG challenge (Fig. 5C and
D). In addition, recurrent genital lesions and vaginal shedding of
HSV-2 DNA developed in some guinea pigs. In separate studies,
immunization of mice and guinea pigs with a bivalent subunit
glycoprotein vaccine containing gC2 and gD2 antigens provided
better protection against vaginal challenge than immunization
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with either antigen alone; however, the bivalent vaccine also did
not totally prevent HSV-2 DNA from reaching the DRG of mice
during acute infection or prevent recurrent vaginal shedding of
HSV-2 DNA (4). Therefore, we evaluated a dual-modality ap-
proach using both gE2-del virus and gC2 and gD2 subunit anti-
gens in an effort to improve protection.

Guinea pigs were mock immunized or immunized i.m. with
5 X 10° PFU of gE2-del virus on days 0 and 21 and with gC2 and
gD2, given with CpG and alum, on days 7 and 28. Two weeks after
the final immunization, sera were obtained for measurements of
ELISA titers to gC2 and gD2 and neutralizing antibody titers and
compared with those in sera obtained from guinea pigs immu-
nized with gE2-del virus alone (Fig. 6). Guinea pigs immunized
with gE2-del virus had a mean titer to gC2 of 1:400 and a mean
titer to gD2 of 1:3,200 (Fig. 7A and B). In contrast, animals im-
munized with gE2-del plus gC2 and gD2 had a mean titer of ap-
proximately 1:25,600 to gC2 and gD2 (P < 0.001 for comparing
the combined vaccine with gE2-del virus; P < 0.001 for compar-
ing gE2-del with mock immunization). Guinea pigs were not im-
munized with gC2 and gD2 alone here, although in a recent study
from our laboratory, ELISA titers after gC2 and gD2 immuniza-
tion were similar to those obtained using gE2-del plus gC2 and
gD2 (4). Neutralizing antibody titers, determined in the absence
of complement, were also significantly higher in the gE2-del-
gC2—gD2-immunized animals (P < 0.05 for comparing mock
immunization and gE2-del virus, P < 0.001 for comparing mock
immunization and gE2-del-gC2-gD2 immunization, and P <
0.05 for comparing gE2-del virus immunization and gE2-del-
gC2—gD2 immunization) (Fig. 7C).
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Guinea pigs immunized using the dual-modality immunogens
all survived IVAG challenge with 5 X 10> PFU HSV-2 MS, while
none of the mock-immunized guinea pigs survived (P < 0.001)
(Fig. 8A). Vaginal disease was severe in the mock-immunized an-
imals, while animals in the dual-modality group were highly pro-
tected, with only 1 of 10 animals developing lesions (P < 0.001)
(Fig. 8B). HSV-2 vaginal titers were 2 log,, lower in the dual-
modality immunization group than in the mock-immunized
group on day 1 and remained lower for 6 days (P < 0.001) (Fig.
8C). Three of 10 animals immunized using the dual-modality ap-
proach had recurrent genital lesions from days 15 to 60 postinfec-
tion, with 1 animal having two episodes. Each episode lasted 1 day,
except for one episode that lasted 2 days. Five of 10 animals in the
dual-modality group had recurrent vaginal shedding of HSV-2
Us9 DNA from days 28 to 48 postinfection (Fig. 8D). None of the
samples were positive for GFP DNA. Therefore, although the
dual-modality immunization was highly protective, it did not to-
tally prevent acute vaginal disease, recurrent genital lesions, or
recurrent vaginal shedding of HSV-2 DNA.

gE2-del virus as a therapeutic vaccine. Thirty guinea pigs were
infected IVAG with 5 X 10* PFU of a less virulent, plaque-purified
strain of HSV-2 MS, with the intent of having animals survive the
acute infection. All animals were infected, based on vaginal titers
determined on days 1 and 2 postinfection (result not shown).
However, only 17 guinea pigs survived. These animals were as-
signed to receive mock or gE2-del virus immunization 51 and 81
days after IVAG infection (Fig. 9A). Animals were assigned to
either the mock or vaccine group based on the severity of the acute
vaginal disease. Four animals in each group had no acute vaginal
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disease, two in each group had mild acute vaginal disease (cumu-
lative scores of =4), and two in each group had severe acute vag-
inal disease (cumulative scores of =10). One additional animal
with moderate acute vaginal disease (cumulative score of 6) was
assigned to the gE2-del virus group. ELISA titers to gD2 were
distributed comparably between the mock and gE2-del immuni-
zation groups. Four animals in each group had negative titers to
gD2, two animals in the mock group and three in the gE2-del
group had titers of 100 to 400, and two animals in each group had
titers of =800. ELISA titers to gD2 increased over time in the
gE2-del virus immunization group (P < 0.01 for comparing titers
after the second immunization with titers prior to immunization
[17 days postinfection]; P < 0.02 for comparing titers after the
first immunization with titers after the second immunization)
(Fig. 9B). The rise in titers after the second mock immunization
was not statistically significant and likely represented a response to
recurrent infection, while the higher boost in titer in the gE2-del
virus group after the second immunization may reflect immuni-
zation and recurrent infection.

Animals were scored for 7 weeks for recurrences, starting 8
days after the first immunization. Guinea pigs in the mock immu-
nization group averaged 13.1 genital lesion days per animal, while
animals in the gE2-del virus group averaged 3.7 lesion days per
animal (P < 0.001) (Fig. 9C). The individual recurrent lesion day
scores for each animal were 0, 0, 1, 1, 1, 3, 6, 7, and 14 in the
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gE2-del virus group and 0, 0, 2, 3, 5, 17, 28, and 50 (a lesion was
present every day) in the mock-immunized group. Even if the
animal with 50 days of recurrences was omitted as an outlier from
the statistical analysis, the differences between the two groups re-
mained significant (P < 0.001).

DISCUSSION

An HSV-1 gE deletion mutant was shown by our laboratory to be
safe and effective in protecting against HSV-1 challenge in the
murine flank infection model and against HSV-2 in the murine
vaginal infection model (9). The HSV-1 gE deletion strain is im-
paired in neuronal spread, making it a novel vaccine candidate
(25,26). A similar deletion was made in the gene encoding HSV-2
gE, and that mutant strain was also shown to be defective in neu-
ronal spread (46). The current study evaluated whether the HSV-2
gE deletion strain, gE2-del virus, is safe and effective in animal
models as a prophylactic and therapeutic vaccine.

BALB/c and SCID mice were inoculated i.m., i.v., and IVAG to
evaluate gE2-del virus safety. Somewhat surprisingly, only minor
differences were detected in comparing the LD5, of wild-type
HSV-22.12 for BALB/c and SCID mice. The gE2-del virus did not
cause illness or death in BALB/c or SCID mice inoculated i.m., i.v.,
or IVAG at the highest dose tested, which was 5 X 10° PFU. One of
5 mice died when gE2-del virus was inoculated i.c. at 5 X 10° PFU,
and 9 of 10 mice died at 5 X 10° PFU. In contrast, all mice died
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when HSV-2 2.12 was inoculated i.c. at 5 PFU, which was the
lowest dose evaluated. The defect in gE2-del virus is in neuro-
invasion, that is, in its ability to reach the brain from peripheral
sites (46). The mutant virus does not have a defect in its ability
to replicate in neurons; therefore, death following direct i.c.
inoculation is not surprising (46). The reduction in mortality
after i.c. inoculation of gE2-del virus likely reflects the marked
defect of the mutant strain in cell-to-cell spread (46). Impor-
tantly, no deaths were recorded following high-dose i.v. inoc-
ulation, which suggests that even if high titers of gE2-del virus
are inadvertently injected i.v. during vaccination, no adverse
outcome is likely.

The safety of gE2-del virus was further evaluated by determin-
ing whether gE2-del virus was detected in the DRG or spinal cord
4 days after immunization. No gE2-del virus was isolated from
DRG or spinal cord tissue, while wild-type virus was readily de-
tected, despite being inoculated at titers that were 10* to 10° PFU
lower than the dose used for the gE2-del virus. When HSV-2 DNA
copy number was evaluated, DRG from some mice inoculated
with gE2-del virus by the i.m. route had low copy numbers of GFP
DNA detected, suggesting that gE2-del virus DNA is capable of
reaching the DRG after i.m. inoculation, although gE2-del virus
was not reactivated from explant cultures of DRG. From a safety
perspective, an ideal live virus vaccine candidate should not infect
the DRG. The gE2-del virus has a profound defect in spread from
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the neuron cell body into the axon (anterograde spread), includ-
ing a lack of spread from the retina to the brain after virus inocu-
lation into the mouse retina (46). The anterograde spread defect
suggests that even if very low titers of gE2-del virus reach the DRG
after i.m. immunization, the virus is notlikely to cause recurrences
(46). In support of this postulate, no recurrent vaginal shedding of
gE2-del virus DNA was detected in guinea pigs immunized with
the gE2-del virus.

Two immunizations were more effective than one at inducing
ELISA and neutralizing antibody titers and protecting mice after
vaginal infection. Booster doses are generally required for opti-
mum protection for other replication-competent live virus vac-
cines, such as measles, mumps, rubella, rotavirus, and varicella
vaccines. In the case of gE2-del virus, perhaps the impaired cell-
to-cell spread phenotype accounts for the need for a second im-
munization to enhance protection.

Immunization of mice with 5 X 10°> PFU provided better pro-
tection against challenge than immunization with 10- and 100-
fold lower doses and provided excellent protection against chal-
lenge with 10* LDy, based on survival, vaginal disease, vaginal
titers, and DRG titers at 4 days postinfection. Note that the HSV-2
DNA copy number was reduced by 2 to 3 log,, in DRG of gE2-del
virus-immunized mice compared with mock-immunized mice.
The gE2-del virus was also protective in guinea pigs after IVAG
challenge. Five of 10 guinea pigs were totally protected against

Journal of Virology


http://jvi.asm.org

>

gC2 antibody

102400
51200
25600
12800

6400
3200
1600
800
400 + e
200 A []

100 +
<100 —emamme-

Mock

G

AA

Serum dilution

gE2-del gE2-del+gC2&gD2

(@)

— Neutralizing antibody titer

2560 "'E—

1280 - A
640
320 -
160 -
80 - ']
40 -
20 -

<20

Serum dilution

0-8-8
A Ad T

Mock gE2-del

gE2-del+gc28&gd2

HSV-2 gE2 Deletion Mutant as a Vaccine Candidate

o

gD2 antibody

102400
51200
25600
12800

6400
3200
1600
800
400 A
200 A
100 -
<100 —esmmenee

Mock

Serum dilution

gE2-del gE2-del+gC2&gD2

FIG 7 ELISA and neutralizing antibody titers. Guinea pigs were mock immunized or immunized i.m. with gE2-del virus or gE2-del virus plus gC2 and gD2
subunit antigens. Serum was collected 14 days after the last immunization and assessed for ELISA titers to gC2 (A), ELISA titers to gD2 (B), and neutralizing
antibodies (C). Results in panels A and B represent mean titers == SEM for 13 mock-immunized animals, 3 gE2-del-immunized animals, and 10 gE2-del-gC2—
gD2-immunized animals. Results in panel C are means and SEM for three serum samples, each run in duplicate.

acute infection, and 9 of 10 had no recurrent lesions. It is possible
that higher gE2-del virus doses may have further improved pro-
tection, as recently shown for a replication-defective, attenuated
live virus vaccine candidate that compared protection provided by
5 X 10° PFU and 2 X 10° PFU of CJ2-gD2 (1).

Recent studies from our laboratory reported that gC2 and
gD2 subunit immunization was highly protective against IVAG
infection in mice and guinea pigs (4). However, the live virus
vaccine reported here and the subunit glycoprotein vaccine
reported previously did not totally protect against acute vagi-
nal infection or recurrences (4). Therefore, experiments were
performed to combine live virus and subunit antigens. Neu-
tralizing antibody responses were increased significantly in the
animals that received both immunogens compared with those
in gE2-del virus-immunized animals. The dual-modality vac-
cine approach resulted in less acute vaginal disease and lower
acute vaginal titers than those in the group receiving gE2-del
virus alone, suggesting a possible role for neutralizing antibod-
ies in modifying acute disease; however, both groups had com-
parable frequencies of recurrent lesions and vaginal shedding,
suggesting that neutralizing antibody titers may not correlate
with recurrences. Overall, combined immunization with live
and subunit antigens offered little benefit over immunization
with live virus alone.

From a safety perspective, administering the subunit antigen
first may be preferred so that the live virus vaccine is administered
in the setting of preexisting immunity. However, we chose to de-
liver the live virus vaccine first because of the concern that subunit
immunization may blunt responses to the live virus vaccine. Our
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concern about prior immunity blunting live virus vaccine im-
mune responses may have been unfounded based on the results
using gE2-del virus as a therapeutic vaccine. Despite an immune
response elicited by infection, the live virus vaccine administered
therapeutically significantly boosted the gD2 antibody response
and protected the animals against recurrent lesions. This result
suggests that the gE2-del virus boosts immunity in previously in-
fected animals.

Other live virus vaccine candidates are in preclinical testing.
HSV-2 0ANLS is an ICPO deletion mutant that is interferon
sensitive and attenuated for virulence in mice. It induces suffi-
cient protective immunity to prevent death in mice after cor-
neal challenge with the parental virus used to derive the vaccine
strain (19). However, whether the vaccine strain protects
against vaginal infection, whether protection extends to strains
other than the parental virus used to derive the vaccine candi-
date, and whether the protection is comparable to or better
than that provided by other vaccine candidates remain to be
determined.

HSV-2 dI5-29 is another live virus vaccine candidate. This mu-
tant virus is defective in genes encoding the helicase-primase com-
plex (UL5) and the single-stranded DNA binding protein (UL29).
In two studies, the HSV-2 d15-29 vaccine strain performed com-
parably to or perhaps slightly better than a gD2 subunit antigen in
protecting guinea pigs against acute disease, in lowering vaginal
titers during acute infection, in reducing the number of recurrent
infections, and in lowering HSV-2 DNA copy levels in DRG (20,
21). CJ2-gD2 is another live virus vaccine candidate, in which the
ICPO gene has been replaced by gD2 under the control of the
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FIG 8 Dual-modality immunization with gE2-del virus and gC2 and gD2 subunit antigens. Guinea pigs were either mock immunized or immunized i.m. twice
with 5 X 10° PFU gE2-del virus plus gC2 and gD2 subunit antigens and were challenged IVAG with 5 X 10° PFU HSV-2 MS. (A) Survival kinetics. (B) Vaginal
disease scores for surviving animals only. (C) Vaginal viral titers. Results in panel B represent means * SEM, while those in panel C represent geometric means =
SEM for 5 animals in the mock-immunized group and 10 animals in the gE2-del-gC2—gD2-immunized group. (D) Recurrent vaginal shedding of HSV-2 DNA
at 28 to 48 days postinfection. The table summarizes the number of episodes of shedding of 151 to 1,000 copies, 1,001 to 100,000 copies, or >100,000 copies of

HSV-2 Us9 DNA.

HSV-1 ICP4 promoter and a dominant-negative version of the
UL9 gene has been inserted into the ICPO locus to inhibit HSV-2
DNA replication (1). The vaccine strain protected mice against
vaginal disease and provided partial protection of DRG after vag-
inal challenge. Whether gE2-del virus provides comparable or bet-
ter protection than these other live virus vaccine candidates will
require head-to-head comparisons performed in the same labora-
tory and using the same challenge viruses.

We previously reported that the gC2 and gD2 subunit antigens
are effective immunogens in mice and guinea pigs when used to
prevent IVAG HSV-2 infection (4). The experiments using gE2-
del virus or gC2 and gD2 subunit antigens in mice and guinea pigs
were performed in animals immunized, challenged, and evaluated
at the same time, enabling us to compare those results. Both vac-
cine approaches were highly protective, although the subunit an-
tigen immunogens performed better in protecting DRG of mice at
4 days postinfection. The DRG infectious virus titers were 1.3 *+
0.3 log,, in the gE2-del virus-immunized animals (Fig. 5), while
titers were undetectable in gC2-gD2-immunized animals (4).
Similarly, qPCR DNA levels were lower in the subunit antigen
group (1.9 = 0.1 for gE2-del virus [Fig. 5D] versus 0.66 * 0.3 for
gC2-gD2) (4). In guinea pigs, both vaccine candidates were highly
effective; however, neither approach eliminated recurrent vag-
inal shedding, with 6.5% vaginal shedding days for gE2-del
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virus immunization (Fig. 6), compared with 7.1% for gC2-gD2
immunization (4). Ideally, a prophylactic HSV-2 vaccine
would prevent acute and recurrent genital disease and vaginal
shedding of HSV-2 DNA. No candidate vaccine has achieved
this goal to date.

More than 2 billion people are likely infected with HSV-2,
based on seroprevalence rates (33). An effective therapeutic vac-
cine may help to control symptomatic recurrences and perhaps
reduce asymptomatic HSV-2 shedding. Studies of guinea pigs re-
ported fewer recurrences after therapeutic immunization with
HSV-2 glycoprotein antigens or a glycoprotein H-deleted replica-
tion-defective live virus vaccine as immunotherapy (8, 34). In hu-
mans, immunization with 100 ug gD2 subunit antigen adminis-
tered with alum resulted in fewer recurrences per month than
placebo immunization (37). When gD2 was combined with gB2
and each antigen was administered at a considerably lower dose
(10 pg) and with a different adjuvant (MF59), subjects had less
impressive responses; however, the duration and severity of first
recurrences were reduced (38). The gH-deleted replication-defec-
tive vaccine that was effective in guinea pigs was not effective in
reducing recurrences in humans (16). Our results demonstrate
the therapeutic potential of the gE2-del vaccine in guinea pigs,
suggesting that additional studies comparing the therapeutic po-
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tentials of gE2-del virus and other vaccine candidates are war-
ranted.
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